heart rate variability (HRV), salivary alpha amylase (sAA) and cortisol were measured throughout the protocol. At the baseline pre-stress measurement, salivary cortisol and subjective stress values were higher in sleep deprived than in rested participants. However, the reactivity to and recovery from the TSST was not significantly different after sleep deprivation for any of the outcome measures.
to be ready for the challenges of the next day. Nonetheless, at times we might not be able to obtain sufficient sleep; in the EU, as many as 19% of employees work night one or more times a month (Eurofound, 2015) , which is often related to sleep loss. Employees in job sectors such as healthcare do not only have to face occasional sleep loss (Barger et al., 2005) , but are also exposed to acute stress (Dias and Scalabrini Neto, 2017) . This combination of sleep deprivation and acute stress may be particularly detrimental, and can possibly lead to a less adaptive stress response. Alterations in the Hypothalamus Pituitary Adrenal (HPA) axis functioning have been suggested as one important mechanism that links disturbed sleep with ill-health (Balbo et al., 2010; Meerlo et al., 2008; van Dalfsen and Markus, A C C E P T E D M A N U S C R I P T 2017). However, so far there is little systematic, comprehensive knowledge on whether and how sleep deprivation affects the response to an acute stress challenge.
Sleep deprivation is commonly regarded as a stressor in itself (McEwen and Karatsoreos, 2015) , because the two main stress systems, the sympathetic branch of the autonomous nervous system (Zhong et al., 2005) and the HPA axis (Wright et al., 2015) , become activated. Beyond the impact on the basal activity of stress systems, sleep deprivation may also change the reactivity to and recovery from acute stress. Psychosocial stressors require processing in the prefrontal cortex and limbic brain structures before signals are transmitted to the paraventricular nucleus of the hypothalamus and the autonomic nervous system centres (UlrichLai and Herman, 2009), wherefrom the autonomic and endocrine stress responses are initiated. The medial prefrontal cortex likely exerts an inhibitory control over the autonomic and endocrine stress response (Buchanan et al., 2010) . Increased amygdala activation may play a critical role in enhancing the glucocorticoid secretion (Herman et al., 2005) , and can affect autonomic activation as measured by heart rate variability (HRV) (Thayer et al., 2012) . Key brain areas involved in the regulation of the acute stress response have been shown to be impacted by sleep deprivation. When viewing negative pictures, amygdala activation was augmented after sleep deprivation, likely due to a loss of connectivity to the medial prefrontal cortex (Yoo et al., 2007) . Therefore, one may assume that the top down control of the stress response is diminished after sleep deprivation, causing in turn an increased stress response.
A C C E P T E D M
A N U S C R I P T When the effect of sleep deprivation on the stress response has been studied, it has primarily been done in terms of autonomic activation. Overall, the results are equivocal. Using a range of outcomes measures, augmented (Franzen et al., 2011; Liu et al., 2015; Yang et al., 2012) , attenuated (O'Leary et al., 2015) as well as unaffected (Franzen et al., 2011; Kato et al., 2000; Minkel et al., 2014; Yang et al., 2012 ) stress responses have been reported. Less attention has focused on HPA axis functioning. In a first study, Minkel et al. (2014) showed an increased cortisol response to the Trier Social Stress Test (TSST) after sleep deprivation when comparing 12 sleep deprived to 14 well-rested participants. In direct contrast, Vargas and Lopez-Duran (2017) recently reported a decreased cortisol response to the TSST after sleep deprivation. Since both insufficient sleep (Itani et al., 2017) and long-term stress (Kivimaki and Steptoe, 2017) are associated to higher risk for physical and mental ill-health, and deficient functioning of the HPA axis could be an a mediating pathway, a more complete picture of the stress response that occurs on a backdrop of sleep deprivation is needed.
Several aspects may contribute to previous inconsistent results, such as that different types of psychological stressors and different indicators of autonomic activation were used. It is also important to investigate the cortisol response to the TSST in more detail, as either systematic or random differences in cortisol responder rates after sleep deprivation could potentially contribute to some of the contradicting previous results. Moreover, most studies also address the effect of acute stress on either autonomic or HPA activation, and a more comprehensive approach is needed to better understand the impact of sleep deprivation on stress reactivity. A further important limitation is that previous research primarily A C C E P T E D M A N U S C R I P T studied young adults, limiting generalizability. In the sleep deprivation context, several studies show that older adults have attenuated performance decrements after sleep deprivation compared with younger (Duffy et al., 2009; Philip et al., 2004) . However, less is known regarding the age-dependent effects of sleep deprivation on physiological measures. One previous study reported no differences between young and older adults in endocrine response (growth hormone, cortisol, prolactin) during recovery sleep after 40h of wakefulness (Murck et al., 1999) , but the small sample size (n=7 in each group) may hinder the interpretation. In the stress context, mixed findings have been reported for cortisol (for review see Kudielka et al. (2009) ) and autonomic reactivity to acute stress in elderly compared to younger adults (Almela et al., 2011; Kudielka et al., 2004 ).
Importantly, no previous studies have addressed the effects of adult age during exposure to both sleep deprivation and acute stress. A final issue is that the sample sizes in previous studies have often been small to moderate, which increases both the risk of false negative and false positive findings.
The present study used subjective stress ratings, cortisol, alpha amylase and HRV as outcome measures in order to characterize the stress response. Moreover, it included a large number of participants covering both young and older adulthood, in order to overcome some of the aforementioned limitations. The main aim was to investigate whether the response to a well-established acute psychosocial stressor (TSST) is altered after sleep deprivation. We expected an increased responsivity to the TSST after sleep deprivation, i.e. that sleep deprived individuals are more vulnerable to acute psychosocial stress. The second aim was to study whether
putative effects of sleep deprivation vary across adult age. For this aim, no directed hypothesis was stated due to scarcity of previous research.
Methods

Sample
Participants were recruited via newspapers, online platforms and posters. They filled in online forms assessing demographic variables, health and sleep habits.
Inclusion criteria were being 18-30 or 60-72 years old, fluent in Swedish and living in the greater Stockholm area. Further criteria were a BMI between 17 and 28 (selfreported), no present or past psychiatric or neurological disorder (self-reported complaints), no current severe somatic disease. Individuals that took medication that likely affects the stress response, cognition or sleep (e.g. antidepressants, systemic beta blockers, angiotensin II receptor blockers, hormone replacement therapy, hormonal contraceptives), that reported daily use of nicotine, drinking more than 4 cups of caffeinated drinks/day or reported inability to abstain from caffeine were excluded. Moreover, participants were screened for insomnia (Insomnia Severity Index (Morin et al., 2011) > 14) , daytime sleepiness (sleepiness index of Karolinska Sleep Questionnaire  3), suspicion of sleep apnea (snoring index of Karolinska Sleep Questionnaire  3 or self-reported sleep apnea), current severe stress (self-reported) or burnout (Shirom Melamed Burnout Questionnaire  3.75), anxiety and depression symptoms (Hospital Anxiety and Depression Scale (Zigmond and Snaith, 1983) ; > 10 for each scale). Further exclusion criteria were night work or travel across more than 1 time zone during the previous month, A C C E P T E D M A N U S C R I P T inability to find time to participate, and (for women) being pregnant or breastfeeding. 21 young women in the TSST, and 17 young women in the Placebo-TSST conditions were tested during the luteal phase (defined as 12 days or less to expected onset of next menstruation). For 2 women in the TSST, and 7 women in the Placebo-TSST condition menstrual phase was likely not luteal; for 4 women information was missing due to technical error. 75.53% of the older sample were retired, 11.7% part time retired, and 12.77% not retired. The proportion did not significantly vary across sleep deprivation / stress conditions (Χ 2 (df = 6) = 4.09, p = 0.67) .
Participants that fulfilled the inclusion criteria were invited to an initial meeting in the laboratory approximately one week before the test session. During this meeting, Mini Mental State Examination (Folstein et al., 1975) was conducted; participants with a score < 24 were excluded. Moreover, participants received sleep diaries and actigraphs. Participants were economically compensated. All participants gave written informed consent. The study was approved by the Regional Ethical Review Board in Stockholm.
Three participants aborted during either night or day test session and were excluded from analysis. Table 1 gives an overview of the final sample characteristics (n = 218).
Design
Stratified by age and gender, participants were randomized to one of four
the start of the test session (either 13.00 or 16.00) in blocks of 8. Participants were not informed about the TSST other than that parts of the test session may include videotaping and voice recording, but were debriefed at the end of the test session.
Participants were asked to keep their regular sleep wake schedule during the week before. Three days prior to the test session participants filled in sleep diaries and wore actigraphs (Actiwatch 4, CamNtech) to increase compliance. They were asked to refrain from caffeine, alcohol, napping and physical training the day before and the day of the test session, and to abstain from eating, drinking anything but water and tooth brushing one hour before the test session.
Sleep deprivation and normal night sleep conditions
Participants assigned to sleep deprivation arrived to the laboratory at 22:00 the day before and stayed under monitoring until the test session (in pairs of two or alone). During most of the time, they were free to engage in low demanding leisure activities, such as reading, watching movies, using their computers or playing board games/puzzle. During the night, participants hourly rated stress and sleepiness, and completed a 30min cognitive test battery every other hour. They were allowed to take a shower and a short accompanied outdoor walk in the morning; participants starting the test session at 16.00 were allowed a walk also in the afternoon.
During night time, snacks were provided; water and caffeine free tea was available ad libitum. The day of the test session, participants received breakfast and lunch (ca. 600kcal). Participants starting the test session at 16.00 were offered a snack in
the early afternoon. After the test session, sleep deprived participants were provided with a taxi home for safety reasons.
Participants in the normal sleep group received a meal during the screening session that they were asked to eat as lunch on the test session day. They slept at home in order to avoid that the lab environment negatively affected their sleep, and were asked to sleep at least 7 hours, and to wake up latest at 8:00. They arrived in time for their test session at the laboratory.
Stress and placebo control conditions
Participants in the stress conditions participated in the TSST (Kirschbaum et al., 1993) . The TSST consists of a preparation phase (5min), a free speech task (5min) during which the participants had to discourse on their personal capabilities that made them the best candidate for their job of choice (5min), and a demanding arithmetic task (5 min) in front of 1 male and 1 female confederate. Confederates were unfamiliar with the participant and blinded for sleep condition. During the speech and arithmetic part, participants were videotaped and voice recorded.
Subjects were instructed to look 1 min directly into the camera before both the speech and arithmetic's part in order to retain better data for facial expression analysis of the videos (not reported here).
As a non-stress control condition, we used the Placebo-TSST (Het et al., 2009) which is similar in physical and mental demands but excludes the stress inducing components. In short, the participant was led to the interview room and instructed to prepare for 5min to talk about a non-self-relevant topic (a book or a movie).
Participants were then instructed to speak aloud about this topic for 5 minutes.
After this, they were asked to complete a simple arithmetic task for 5 minutes (adding up the number 5). Participants were standing during the two tasks. Apart from the instructions, participants were alone in the room and all social evaluative stimuli (confederates, video camera) were removed.
We included the Placebo-TSST conditions in order to ensure that potential differences between sleep deprivation and age conditions are caused by the psychosocial stress element of the TSST and not e.g. due to physical demands of the task (Het et al., 2009 ). For instance, standing up could be more demanding after sleep deprivation and cause differences in heart rate variability that are independent of the psychosocial stress component. Likewise, in the current study, the Placebo conditions control for the possibility that filling in questionnaires and conducting the cognitive tests would elicit stress responses in sleep deprived participants.
Test session
Directly after arrival at the laboratory, participants gave a first saliva sample that was not used in the statistical analysis. Each saliva sampling comprised two different collection devices. Participants started with sampling of SaliCap devices using passive drool before they provided saliva for the stress markers using Salivettes Cortisol (Sarstedt, Helsingborg, Sweden). They were instructed to gently chew on the Salivettes for 1 min. After the first sample, participants drank 180ml grape juice. The consumption of beverages high in glucose is commendable (Kudielka et al., 2009) , since availability of glucose is a necessary pre-requisite for initiating the HPA stress response (Kirschbaum et al., 1997) . This was followed by A C C E P T E D M A N U S C R I P T a 35min calm-down period during which participants were equipped with a heart rate monitor, performed a short gait analysis test and filled in some questionnaires.
After this, the baseline saliva sample (Time 1) was taken. Next, participants were led to a second room to attend the TSST respectively Placebo-TSST. Saliva samples were taken directly after the TSST/Placebo-TSST (Time 2) (i.e. 28 min after the baseline sample), and at 18 min (Time 3) (i.e. 46 min after the baseline sample), 38 min (Time 4) (i.e. 66 min after the baseline sample) and 58 min (Time 5) after the TSST/Placebo-TSST (i.e. 86 min after the baseline sample). After the Time 2 saliva sample, participants went back to the test laboratory, where they filled in questionnaires and conducted cognitive tests (not reported here). Due to taking longer time to fill in questionnaires, the timing of the Time 3-Time 5 saliva samples differed for some participants. This was adjusted for in the statistical analyses.
The daytime test session took place in a different building than sleep deprivation; test rooms were shielded from natural light. The test session is schematically displayed in supplementary Figure S1 .
Outcome measures
Subjective stress
Subjective stress was rated in conjunction with saliva samples using a single-item question with ordinal anchored response alternatives ranging from 1=very relaxed to 9=extremely stressed.
Salivary cortisol and alpha amylase
Saliva samples were frozen directly after collection and later transferred to a -75° Celsius freezer until sent to the laboratory of Prof. Kirschbaum (Dresden, Germany) for duplicate analysis. Cortisol was measured using an immunoassay (IBL, Hamburg, Germany), salivary alpha amylase (sAA) using enzyme kinetic method (Rohleder et al., 2006) . Where the amount of saliva was insufficient for both markers, cortisol was preferred. Two cortisol samples were not analysed as duplicates due to insufficient saliva; sAA analyses was not completed for 13 samples. Intra and inter assay variations were below 7%.
Heart Rate Variability (HRV)
Cardiac activity was monitored using Polar 800CX (Polar, Kemple, Finland).
Samples of 2 min duration were chosen corresponding to the baseline saliva sample prior to the TSST/Placebo-TSST, the preparation phase, the speech phase and the arithmetic phase and the saliva sample 18min past the TSST/Placebo-TSST.
HRV analysis was conducted using Kubios HRV Premium (Version 3.0.1). Root mean square of successive differences (RMSSD) was used as outcome measure, which reflects short-time HRV. Artefacts were identified using the built-in automatic algorithm. Samples with ≥ 5% artefacts were excluded.
Statistical Analysis
Cortisol, alpha amylase and RMSSD were log-transformed to better approximate normal distribution of the residuals.
Baseline activation
To allow for an easy interpretable comparison between conditions for the baseline Time 1 samples, a 2 x 2 x 2 ANOVA was conducted, with the between subject factors stress, sleep deprivation and age.
Reactivity to and recovery from acute stress (subjective stress, cortisol, alpha amylase)
Growth curve modelling was used to address the two main research questions The same coding was applied for stress ratings and sAA. The autonomic and subjective response to stress is typically faster than for cortisol, which we expected to be reflected by a stronger decline for the recovery 1 slope for alpha amylase and subjective ratings, and a more stable recovery 2 phase, while the delay in cortisol response should be reflected in a stronger decline during the recovery 2 slope.
Time slopes are presented as per 10min in the model estimation tables.
To address the research question, the following models were fitted and compared.
Base model: This model included allocation to the stress group (TSST versus
Placebo-TSST), slopes and stress group by slopes interactions as fixed effects. As described above, the slopes were defined as a linear segment between Time 1 and Time 2 ('reactivity'), a linear segment between Time 2 and Time 3 ('recovery 1') and a linear segment between Time 3 and Time 5 ('recovery 2').
Age model: fixed effects for age and the interactions between age group, stress condition and time slopes were added to the baseline model. A random intercept and random effects for the time slope parameters including covariances were included in the model, if not mentioned otherwise. An independent residuals structure was chosen. Models were adjusted for allocation to late (3 hours later) start time. Models were fitted using maximum likelihood
Likelihood ratio tests were carried out to compare nested models and AIC to compare non-nested models. All models were fitted using the procedure mixed in Stata 15 (TX: StataCorp LLC).
Cortisol responder analysis
The main analysis was complemented by a sub analysis on the proportion of cortisol responder and non-responders in each condition, as well as an analysis including only cortisol responders in the TSST conditions. The aim of this sub analysis was to better understand whether sleep deprivation affects responder rates systematically and whether the magnitude of mean cortisol response in responders is similar after sleep deprivation, respectively. It is known, that even in healthy participants only 70-80% participants respond with a cortisol increase to the TSST. This proportion is for instance lower in some clinical groups such as individuals suffering from PTSD or panic disorder (Petrowski et al., 2010; Zaba et al., 2015) , and may possibly also vary in response to sleep deprivation. Moreover, also random variations could possibly result in biased results in small samples.
Given the contradictory results on the response to the TSST in sleep deprived individuals so far (Minkel et al., 2014; Vargas and Lopez-Duran, 2017) , and in particular given the high variance of cortisol values in one of the studies (Minkel et al., 2014) , we aimed to investigate whether systematic differences in responder rates occurred, and wanted to ensure that neither systematic nor random differences in responder status bias the conclusions in the current study, as for instance higher group mean levels of cortisol response to stress may originate from greater increase in cortisol while responder rates are unchanged or a higher
proportion of cortisol responders while average increases are unchanged (Miller et al., 2013) , which has different implications for the interpretation of results.
Being a responder was defined as an increase of at least 15.5% for raw cortisol values at Time 2 or Time 3 compared to Time 1 (Miller et al., 2013) . Proportions of responder rates in TSST and Placebo-TSST conditions were compared using Χ 2 tests.
HRV analysis
HRV analysis was used to address changes in autonomic activation during the TSST/Placebo-TSST in more detail. RMSSD (log) was analysed using mixed ANOVA (Huynh Feld corrected) with TSST condition, sleep deprivation and age as between and time as within subject factor.
Outlier identification
Multivariate outliers were identified for each outcome separately using the hadimvo procedure in Stata (stratified for TSST condition) using a cut-off of p < .001; outliers were excluded from further analysis. Visual inspection of residuals showed better fit when outliers were excluded.
Results
Descriptive values for all outcome measures are displayed in figure 1, model predictions are displayed in supplementary figure S2.
Subjective stress
At baseline, subjective stress was significantly higher in the sleep deprivation conditions (F1,210 = 19.50, p < 0.001). It was also higher in older compared with younger individuals (F1,210 = 9.30, p = 0.003). No other effect was significant.
The additive age + sleep deprivation model fitted the subjective stress data best (table 2) . The model predicted higher stress levels in sleep deprived participants at baseline compared with non-sleep deprived individuals (estimate +0.73 units); participants allocated to the TSST groups did not significantly differ from Placebo-TSST subjects at baseline. Stress increased after the Placebo-TSST (0.25 units per 10min), even more so in the TSST conditions, whose reactivity slopes differed from the Placebo-TSST group by an average of +1.06 units (table 3). The latter effect was less pronounced in the older participants as indicated by the older age*TSST*reactivity interaction (-.32 units). Stress decreased significantly throughout the rest of test session for the TSST conditions.
Cortisol
Two participants were excluded as multivariate outliers; in addition, one saliva sample of one subject was discarded due to contamination with blood.
ANOVA analysis for the baseline measurement showed that cortisol (log) was significantly higher after sleep deprivation (F1,208 = 15.40, p < 0.001). No other effect was significant.
According to the stepwise model fitting (table 2) the additive age + sleep deprivation model fitted the cortisol (log-transformed) data best. Including the sleep deprivation*age interactions did not further improve the model fit, indicating that age did not significantly moderate the effect of sleep deprivation on the
As shown in table 3, the predicted intercept value for the young control condition was 1.398 nmol/l. Cortisol baseline levels were estimated to be significantly higher after sleep deprivation (+0.307nmol/l) and stayed elevated across the test session.
On average, cortisol decreased across the test session in the Placebo-TSST control condition of the young group (reactivity slope: -0.1 nmol/l per 10 min; recovery 1 slope: -0.1 nmol/l per 10min; recovery 2 slope: -0.06 nmol/l per 10min). In older control participants, cortisol was on average more stable than in the young control participants, indicated by significant interactions between older age group and the reactivity (+.1 nmol/l per 10min), recovery1 (+.08nmol/l per 10min) and recovery2 slopes (+0.08 nmol/l per 10min). No sleep deprivation interaction reached significance.
Compared to the Placebo-TSST group, cortisol increased from baseline to the post -TSST measurement in the TSST group (TSST*reactivity: 0.36 nmol/l per 10min) and stayed relatively parallel to the Placebo-TSST group for the recovery 1 slope.
After this, cortisol decreased significantly more in the TSST conditions than in the Placebo-TSST control conditions (TSST*recovery2: -.11 nmol/l per 10min). The difference between the TSST and Placebo-TSST conditions was similar in both age groups for the reactivity and recovery 1 slopes, as there were no significant interactions between these slopes, TSST condition and older age group. But the model predicted a significant interaction between older age group, TSST and the recovery 2 slope (-0.05 nmol/l per 10min).
Cortisol responder / non-responder analysis
The two multivariate outlier participants were excluded. Table 4 shows responder rates per condition. We found no significant effect of sleep deprivation on responder rates in the TSST groups; neither so when performing stratified analysis for young and older participants. On the other hand, in the Placebo-TSST conditions, a tendency for a higher proportion of cortisol responder in the sleep deprivation condition was observed (Χ In order to ensure that responder status had no influence on the interpretation of the results, cortisol data were also analysed using exclusively cortisol responders in TSST conditions (n= 93). The fitted models used a simplified random effects structure that included a random slope for time. In line with the full data, the additive sleep + age model fitted best (table 2). Cortisol increased from the first to the second measurement point (reactivity slope: 0.35nmol/l per 10min, p < .001), no significant change was estimated for the recovery 1 slope (-0.06nmol/l per 10min, p = .086), and cortisol decreased during the recovery 2 slope by an average of -0.20nmol/l per 10min (p <.001). Sleep deprivation was associated with a higher baseline value (0.37nmol/l, p = .001) and older age was associated with a slower
decrease of cortisol across the recovery 2 slope (older age*recovery 2: 0.06nmol/l per 10min, p =.009). The full model is presented in table S2.
Salivary Alpha Amylase
Four individuals were excluded according to multivariate outlier analysis; for 13 samples, chemical analyses were not performed; 1 sample was missing due to contamination with blood.
ANOVA for sAA (log) at baseline revealed a main effect of age (F1,200 = 7.79, p = .006) indicating higher values in older adults.
For the growth curve analysis, a simplified random effects structure had to be fitted including only a random slope for time. Model comparison showed that the base model excluding age and sleep deprivation fitted the data best (table 2). The model prediction indicated that alpha amylase significantly increased in response to the TSST (TSST*reactivity slope: 0.077 U/ml per 10min) and decreased thereafter again (TSST*recovery 1 slope -0.046 U/ml per 10min) as compared to the Placebo-TSST group. The model is displayed in table 5.
Heart Rate Variability
For the RMSSD (log) analysis, multivariate outliers and participants with incomplete data were excluded. The remaining sample consisted of n = 199.
Additional results for heart rate are presented in the supplementary material and and their decrease during both TSST and Placebo-TSST was less strong than in younger adults. RMSSD decreased during both TSST and Placebo-TSST compared to the baseline, but more so in the TSST conditions. Follow up t-tests for the TSST*time interactions showed that RMSSD was lower for the TSST than the Placebo-TSST during the preparation and speech part (p's < .05).
Moreover, paired t-tests between consecutive measurement points were conducted stratified for TSST and Placebo-TSST conditions. In the Placebo-TSST control group, RMSSD did not significantly differ between baseline and preparation (t95 = 0.83, p = .407), but decreased towards speech (t95 = 4.64, p < .001), and arithmetic part (t95 = 4.08, p < .001) and increased towards the post measurement (t95 = -6.64, p < .001). In the TSST group, RMSSD decreased from baseline to preparation phase (t102 = 9.32, p < .001), and further during the speech part (t102 = 6.17, p < .001). No significant difference occurred between speech and arithmetic task (t102 = -0.92, p = .361). RMSSD increased from arithmetic task to post measurement (t102 = -10.80, p < .001).
RMSSD was significantly lower in the older adults at all measurement points (p's < .001). To follow up the age*time interactions, paired t-tests were conducted. Young participants showed significant decreases in RMSSD from baseline to preparation (t114 = 6.33, p < .001), to speech (t114 = 9.31, p < .001), no significant change towards the arithmetic task (t114 = 0.02, p = .984), but a significant increase at post measurement (t114 = -11.72, p < .001). Older participants showed a significant A C C E P T E D M A N U S C R I P T decrease in RMSSD between baseline and preparation (t83 = 3.77, p < .001), no significant change between preparation and speech (t83 = 1.52, p =.132), a decrease between speech and arithmetic task (t83 = 2.58, p = .012), and an increase between arithmetic task and post measurement (t83 = -5.63, p < .001).
Discussion
Since sleep loss and psychosocial stress are common, and may often co-occur, the main aim of the present study was to investigate whether sleep deprivation affects the response to acute psychosocial stress. We found that sleep deprivation causes an increase in cortisol and subjective stress, but not in markers of autonomic activation, before exposure to acute social stress. Despite these changes at baseline, the response to the TSST in terms of both subjective ratings and biological measures was similar in the sleep deprived and well-rested participants. This suggests that one night of sleep deprivation does not significantly increase the responsivity to a short-term psychosocial stressor. We also addressed whether potential effects of sleep deprivation may change across adult age. Older adults had higher autonomic activation at baseline and showed slightly different cortisol trajectories throughout the test session, but their response to sleep deprivation did not significantly differ from the younger adults.
Sleep deprivation effects
Already at baseline, before participants took part in the TSST/Placebo-TSST, cortisol was higher after sleep deprivation. Levels stayed elevated across the test session. The cortisol increase after sleep deprivation was smaller than the increase Our main hypothesis was that the stress response to acute psychosocial challenge would be amplified in sleep deprived individuals, partly given that one much cited study reported that sleep deprivation causes increased activation in brain centres involved in stress and emotional regulation (Yoo et al., 2007) . However, we found that sleep deprivation did not significantly moderate the response pattern for any of the outcome measures. Both after sleep deprivation and normal night sleep, stress ratings, cortisol and sAA increased in response to the TSST and declined then throughout the recovery phase in a similar manner. Thus, both the emotional, the HPA and the autonomic short-term stress response to psychosocial stress seem to remain intact after one night without sleep. Previous studies, all of which used increased cortisol at baseline but similar cortisol response to the TSST in the sleep deprived compared with the rested participants. Consequently, it is unlikely that any effects of sleep deprivation on the cortisol response were masked by different responder rates in the conditions. Moreover, the present results are concordant with studies in rats that demonstrated that the corticosterone response to stressors did not differ after 48 hours of sleep deprivation while corticosterone levels were increased already at pre-stress measurements (Meerlo et al., 2002; Sgoifo et al., 2006) . Interestingly, ACTH levels were attenuated in the sleep deprived rats, suggesting that sleep deprivation affects regulation within the HPA axis (Meerlo et al., 2002; Sgoifo et al., 2006) . Thus, future studies should include additional parameters to better characterize the HPA axis regulation after sleep deprivation in humans, rather than restricting analyses to free hormonal levels only. The present results, obtained in the largest sample so far, suggest that after only one night of sleep deprivation the response to and the recovery from a stressor is not significantly different from the normal adaptive stress response.
Though, since habitual sleep problems have recently been linked to alterations in stress responsivity (Bassett et al., 2015; Massar et al., 2017) , it would be important to test in future studies whether longer term partial sleep deprivation may have a A C C E P T E D M A N U S C R I P T stronger impact, also given that chronic partial sleep deprivation is more common in everyday life than total sleep deprivation. Likewise, future studies should not only target the response to short term psychosocial stress such as the TSST, but potentially also include longer and/or repeated challenges.
While the main results of this study show that sleep deprivation does not significantly affect the response to the TSST, a side finding of the cortisol responder analysis hints that sleep deprivation may lower the threshold for mounting an HPA response, at least in young adults. Comparing the proportion of cortisol responders in the placebo-TSST conditions, we found that young sleep deprived participants were more likely to be responders than young well-rested participants. Of note, the cortisol increase in the Placebo-TSST responders was considerably smaller than in in the TSST responders. Similar to this result, sleep deprivation has been linked to higher subjective stress in response to a mild stressor but not to a stronger stressor (Minkel et al., 2012) . In the present study, we cannot identify the reason for the higher proportion of cortisol responders in the placebo condition in the young sleep deprived group; one could speculate that it could be both related to mental demands and the physical effort of walking, standing up and speaking aloud. Since this is an exploratory finding without an a priori research question, it is important that future research directly addresses whether sleep deprivation lowers the thresholds for mounting a cortisol stress response.. Also, it is unclear why we observed this effect only in the young adults. Possibly it could be related to a ceiling effect in older participants, because older adults were more likely to respond with HPA activation to both the TSST and the placebo-TSST. These age differences are similar to findings by Sindi et al. (2013) who showed that even regular testing situation elicit a cortisol increase in older adults.
Age differences
Our second research question was whether adult age moderates the effect of sleep deprivation on the stress response. Since including interactions between sleep deprivation and age did not improve the model fit for any outcome measure, the present results do not suggest that any effects of sleep deprivation were agedependent. Though, irrespective of sleep deprivation and stress condition, cortisol trajectories differed in young and older adults; while young control participants showed a decrease of cortisol across the test session, older participants had relatively stable cortisol values across the protocol. This is in agreement with Almela et al. (2011) , who found that the increase of cortisol during the protocol was higher in older than young adults regardless of TSST or Placebo-TSST condition. On the other hand, earlier studies reported higher cortisol responses in older males (Kudielka et al., 2009; Strahler et al., 2010) . One possible reason for this discrepancy is that changes in older adults may not be specific for the TSST conditions, which only becomes apparent when Placebo-TSST conditions are included in the analysis.
In line with the notion of increased basal sympathetic activation in older adults (Seals and Dinenno, 2004) , sAA was higher and HRV was lower at baseline in older adults compared with younger. Apart from the baseline differences, the autonomic response to the TSST did not differ in young and older adults in our large sample, as age did not moderate sAA trajectories, and age-related differences in HRV persisted for both TSST and Placebo-TSST. Previous results on the impact of age on the autonomic activation in response to the TSST are heterogeneous, with some studies showing no differences in response to the TSST (Almela et al., 2011) and
others showing an a attenuated response (Kudielka et al., 2004; Strahler et al., 2010) . In line with the elevated autonomic markers at baseline, older participants rated their stress levels slightly higher at Time 1. Moreover, the increase in subjective stress levels in response to the TSST was less strong in the older adults; one could speculate that the latter result is related to the so called 'positivity effect', i.e. that older adults are more biased towards positive feelings and away from negative feelings when exposed to emotional stimuli (Carstensen and DeLiema, 2018) .
Strengths & limitations
To the best of our knowledge, this study is the most comprehensive investigation on the effect of sleep deprivation on stress reactivity so far as it comprises several biological measures of the stress response and includes subjective stress experience. It is also the first study to include both young and older adults. Though, in future studies it is important to include also adults during midlife i.e. (31-59 years), and potentially even older adults in order to understand how sleep deprivation affects the stress response throughout the whole adult life span. The number of participants is larger than in previous studies, even when taking into account that only half the participants were participating in TSST conditions Vargas and Lopez-Duran, 2017), including under constant routine conditions (Wright et al., 2015) . Furthermore, the main focus of this study was the responsivity to the TSST, which is reflected by interactions between sleep deprivation, TSST and the reactivity and recovery slopes. In future studies, it would be important to include more frequent saliva samples to better describe and differentiate between the amplitude of the cortisol response, the time to peak and time back to baseline, to obtain a more comprehensive picture in relation to sleep deprivation. The use of cotton swabs to obtain measures of sAA has been previously criticized (DeCaro, 2008) . Nevertheless, salivary flow rate does not seem to affect sAA activity (Rohleder et al., 2006) .
Conclusion
The present results show that cortisol and subjective stress levels are higher after sleep deprivation. However, the response to acute psychosocial stress in terms of subjective perception, cortisol, sAA and HRV was not significantly altered after one night of sleep deprivation, neither in young nor in older healthy adults. Given the present results and the inconsistent findings in this research area so far, there is to date no strong support for the assumption that one night of sleep deprivation
increases the vulnerability to an acute psychosocial challenge. Future studies are needed to address the impact that different types of stressors and sleep manipulations, such as longer term partial sleep restriction, may have.
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